on laser-excited 6pnp and 6pnf J = O , 1.2 autoionizing levels of Ba is presented. All observables are calculated by a combination of the eigenchannel R-matrix and the multichannel quantum defect theory (MQDT) methods. MQDT analyses o f the energy positions of the resonances are presented, and the photoionization spectra from low-lying 6s6p'Pn,! or Sd6p'P0,1 levels and from Rydberg levels 6snp 'P, are investigated.
Introduction
Recently it has been shown that a realistic description of doubly-excited states of heavy alkaline-earth atoms Sr and Ba can he achieved by combining the eigenchannel R-matrix method with the multichannel quantum defect theory (MQDT) (Aymar er a/ 1987, , Aymar and Lecomte 1989 , Aymar 1990 , Kompitsas et a/ 1990, Lange er a / 1991, Greene and Aymar 1991) .
The theoretical procedure consists in calculating with the R-matrix method the short-range parameters used in the MQDT formalism to describe channel interactions.
The R-matrix calculations are conducted in LS coupling and the geometric jj-LS frame transformation is used to account for the fine-structure effects. In addition, the experimental j-dependent ionization threshold energies are used in the MQDT treatment of perturbed Rydberg series and photoionization spectra.
The aim of the present paper is to compare R-matrix and MQDT calculations on 6pnp and 6pnf J = 0, 1,2 autoionizing Rydberg states of barium with recent experimental data obtained with different laser-excitation techniques.
In the first type of experiment, the isolated core excitation (ICE) scheme (Cooke and Gallagher 1978) is used. A first uv laser excites one electron from the 6s2 'So state to a bound Rydberg state Bsn'p 'PI, Then a second laser provides the 6s + 6p transition of the core electron, while the Rydberg electron remains a spectator. The different states of the 6pnp J Rydberg series can be observed successively by changing the intermediate state 6sn'p. jiory er ai (i989j have siudied ihe 6p3,9p series foot n = i4 to 21; more recently CarrC et nl (1990; hereafter referred to as C I) have investigated the 6~, ,~,~,~n p series for n between 10 and 28 and they have performed empirical
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MQVT analyses of the energy positions of the 6pnp J = 0 , l and 2 resonances, restricting the models to the 6p,np,. J channels. Starting from the 6s5d metastable states, the ICE process has also been used to populate the 6pnf J = 2,3,4 autoionizing series through the 6snf ',IF3 states (Bente and Hogervorst 1990) .
In the second type of experiment, the 6pnp J = I doubly-excited states are observed using two-step laser excitation via the low-lying 5d6p 'Po level, and the photoionization cross section has been recorded over a wide range of n values (de Graaff er a1 1990, hereafter referred to as G II). In addition, these experimental results have been analysed using an empirical seven-channel MQVT model, providing evidence of a strong interaction between the different channels.
Section 2 describes the main features of the computational procedure. The MQDT analysis of the energy positions of the resonances is discussed in section 3. The calculated photoionization spectra are presented and discussed in section 4. 1 111s study concerns the even-parity states with 1 = 0, i or 2, in the energy range extending from E=S9000cm-l, that is above the Bat 5d,,, threshold, located at energy 47 709.73 cm-', up to the Bat 6p,,? threshold at 63 987.32 cm-'. It includes the Bat 6p,,, threshold, located at 62 296.46 cm-I. E Luc-Koenig and M Aymar ?... .
Computational procedure
The present computational procedure, which combines the eigenchannel R-matrix method and the MQDT method, has been described elsewhere in the study of Ca (Greene and Kim 1987 , Kim and Greene 1987 ,1988 , Sr (Aymar 1990 , Lange et a1 1991 and Sr to Ra (Greene and Aymar 1991) . Detailed accounts can he found in these papers and only some key elements are summarized below.
Eigenchannel R-matrix calculation in LS coupling
Briefly, the eigenchannel R-matrix method is used to variationally determine the LS-coupled wavefunctions of the valence electron pair within a finite reaction volume V. A reaction volume of radius r,= 20 au is used. Independent R-matrix calculations are performed for the different 's', 'Se, 'P', ' P' , 'De, 'De, 'F' symmetries occurring in the description of even-parity states of barium with J = 0, 1 and 2. Two kinds of channels are introduced in the variational calculation: open or 'weakly closed' channels-where one electron can escape From V, and 'sirongiy closed' channeis-where both electrons are confined within V. These latter channels were found essential to describe correlation effects and polarization distortion of the ionic orbitals . The R-matrix calculation gives the normal logarithmicderivatives oftheescaping electron's wavefunctions on the surface of the reaction volume V. Matching the wavefunctions to Coulomb expansions valid outside V, leads io LS-coupled short-range reaction matrices K L S ( E ) . As the R-matrix calculations are performed on a selected grid of energies, the KLS(E) matrices are implicit functions of the energy, but with a smooth dependence. For each J value, the total reaction matrix K ( E ) results from the K L S ( E ) matrices associated with several LS terms: ' S e and 'P' for J =0, 's', 'Pe, 'Pp' and 'De for J = 1 or 'P', 'De, 'D', 'F' for J =2. Using the jj-LS geometric frame transformation, the different K L " ( E ) matrices are recoupled in the larger jj-coupled Autoionizing leu& 6pnp and 6pnf in barium 4325 reaction matrix K ( E ) referring to the jj-coupled dissociation channels. In this treatment, the spin-orbit interaction is neglected within the reaction volume, but accounted for in the asymptotic region.
Depending on the LS symmetry, 100 to 200 two-electron basis functions are introduced in the variational calculation. Most of them describe 'strongly closed' channels converging to the Bat thresholds more excited than the 6p one. (Details on the construction of the two-electron basis can be found in Greene and Kim (1987) .) compiled in table 1, while the jj-coupled dissociation channels involved respectively for the study of even-parity J = 0, 1 and 2 states are displayed in table 2. Let us note that in the investigated energy range, channels involving a (Fano and Rau 1986 , Lecomte 1987 , Kompitsas et a/ 1990 . Standard MQDT techniques for bound spectra applied using Kerr, the real part of K~~, give the resonance energies and the admixture coefficients of jj-coupled channels in each level's wavefunction. Channel mixing can also be displayed using Lu-Fano plots. It must be emphasized that theoretical energies are obtained independently of the excitation process. They can deviate from the experimental energies, especially when the resonances are broad and when energy-dependent interference effects appear in the calculation of the oscillator strengths or photoionization cross sections. Photoionization from a low-lying level takes place in the reaction volume V, and the dipole matrix elements Dm = (Y,J JDJ /Yc,) are calculated numerically within V using the velocity form of the transition operator. The spin-orbit interaction is completely neglected and the LS-coupled multiconfigurational wavefunction 'PI is obtained by diagonalizing the two-electron Hamiltonian within V, using a finite two-electron basis.
When the initial state Y , is a bound Rydberg sate, the dipole matrix elements are calculated using the ICE approximation (Aymar and Lecomte 1989) . In this model, the contributions to the dipole matrix elements arise from the part of the wavefunctions located outside V. The collision eigenchannels V P ( E ) are expanded over the dissociation channels, this expansion involving either closed ( j E c ) or open ( i E 0 ) dissociation channels with the relative admixture coefficients Zj, and T p :
The dipole matrix elements required to calculate the photoionization cross sections connect the initial state to the i and j dissociation channels. The ICE approximation relies on a negligible excitation of the open channels:
Simultaneously during the excitation of the closed channels, the Rydberg function of the initial state Pk( uk, lk, r ) is projected onto the Rydberg function of the final state P,(u,, 4, r ) , while the ionic state is excited from Q k toward Q,:
The explicit form of the overlap integrals can be obtained for large vk and U, (Bhatti ef al 1981) .
3. MQDT analysis of the resonance energies helow the 6~, ,~ threshold In the energy range from E = 59 000 cm-' to the Ba+ 6p,/, threshold, the even-parity spectrum of barium with J S 2 involves the 6p,,,np J and 6p,,,nf J autoionizing Rydberg series perturbed by the 6p,,,np J and 6p,/,nf J ones converging toward the Bat 6p,/, threshold. Noticeable differences appear in the widths of the resonances. The 6pjnp J and the 6p,,,nf J = 2 resonances exhibit narrow widths, especially the 6p,12np,12 J = 1 ones, meanwhile the 6p,/,nf I = 1 , 2 doubly-excited states correspond to broad structures (Bente and Hogervorst 1990, de Graaff et a1 1990) . Although all these series interact, the excitation spectra observed by using the ICE techniques through the 6snp 'P, Rydberg states show no sign of admixture of the 6p;np states with the core-degenerate states 6p,n'f (Story et a1 1989, Carri e f a1 1990). Consequently two types of calculations have been performed. In the first one, the 6pnf channels are treated as 'strongly closed' in the R-matrix calculation and the resulting K., matrices refer to the 6pnp channels only, but it must be emphasized that the effects of the 6pnf channels are accounted for in an effective way. The results obtained with this treatment are compared with the semi-empirical analyses (C I), in which the pm and U?, MQDT parameters are obtained by fitting the measured resonance energies 6pnp below the Bat 6p,/, threshold (section 3.1). In a second step, the 6pnf channels are treated as 'weakly closed' channels in the R-matrix calculation and the importance of the mixing between the 6pnp and 6pnf channels is analysed using larger K,,matrices (section 3.2).
MQDT analysis of the 6pnp channels
3.1.1. ~~~~p a r a m e f e r s . The MQUT parameters calculated for each J value from the Ken matrix are compared in table 3 with the empirical values fitted to the experimental energy positions (C I), viewing the 6p,,,np J and 6p,,,np J resonances as bound states below the 6 p l l , limit and disregarding the 6pnf channels. The theoretical values are obtained for two values of the energy ( E = 59 500 cm-' and E = 62 150 cm-') lying in the outermost sides of the experimentally investigated energy range; they are associated with LS eigenchannels, because the spin-orbit interaction is completely neglected within the reaction volume. The fitted values are supposed to be independent of the energy, and the p= eigenquantum defects are labelled according to the dominant LS character of the U eigenchannels. The p,, parameters obtained in the R-matrix calculations are nearly energy independent, except for the 'Se J = 0 eigenchannela. This latter energy dependence is also observed for the 6~, /~n p , /~ J = 0 resonances between the Ba+ 6p,/, and 6p3,, thresholds (see section 3.3). The agreement between the p m values obtained from the R matrix and the empirical MQDT methods is very satisfactory. The discrepancies, which are the largest for the J = 2 states, are probably related to the neglect of the 6pnp-6pnf mixing. In the R-matrix treatments, the eigenchannels of the K matrix are LS coupled owing to the neglect of the spin-orbit terms within the reaction volume, while some departures from the LS characterization were introduced in the empirical MQDT models developed in (C I). However, as previously discussed (Aymar 1984) . energy data are insufficient to test the validity of the assumptions made in setting up these MQDT models, and data on more sensitive observables are required to probe the wavefunctions. and veD,,* are the effective quantum numbers relative to the 6p,,, and 6p,/, thresholds respectively.) The curves correspond to the R-matrix results; the dots or the squares represent the experimental data obtained by Carr6 el a1 (1990) or de Graaff el a1 (1990) . These curves are to be compared with figures 4, 5 and 6 of C I and figure 4 of G 11. Some deviations between experiments and theory are observable, especially for the highest J = 1 states measured in G 11, but for these high-lying Rydberg states the uncertainty in the energy is associated with the largest uncertainty in the effective quantum numbers. The R M S deviation between the calculated and observed (C I ) energy levels is around 1 to 2 cm-' for each J value. The largest deviations appear for low-lying levels while the high-lying 6pnp levels are better described. Thus, for example Aufoionizing levels 6pnp a n d 6pnf in barium (mod I) against the deviations for 6~,~, l l p levels are typically around 3 cm-' except for the lowest 6~,~~l l p J = 2 level denoted 11P in figure 3 ( A E = 11 cm-'). For high-lying 6p,/,np levels, deviations are much smaller; typically for n = 27 one has A E <0.4 cm-' for all series. The overall agreement is satisfactory taking into account the restrictions introduced in the MQDT models, which disregard the coupling with the 6pjnf J channels a n d treat in a n effective way the open channels responsible for the widths of the structures.
The 1,u-Fano plots exhibit how the 6p,{?np J states, with n 2 9 , converging to Bat 6pliZ are perturbed by states o f t h e 6~, /~n ' p J series (with n ' = 9 , 10 and 11) converging toward the upper threshold. The strength of the interaction between the 6~,~, n p and the 6~,~~n ' p series depends on the J value. The Lu-Fano plots show that the 6p,/,np J = 0 and 6~,~, n ' p J = 0 series are strongly coupled and that all states of the 6~,~, n p J = O series are perturbed, meanwhile, for J = 1 or 2, the 6p,,,np J series interact weakly with the 6p,,,n'p J series. The R-matrix calculations confirm the admixture coefficients given in C I for the J = 0 series. The energy position for the 6p,l,14p,l, J = O resonance reported by these authors is erroneous, the rectified value being equal to 61 224.42 cm-'. As detailed below (section 3.3), the strong coupling of the series J = 0 manifests itself in the large widths of the J = 0 resonances above the 6pIl, threshold. For J = 1, the perturbation of the two 6p,/,np J = 1 series by the two series 6p,,,n'p J affects only a few states (with n = 11, 13, 19 and 20), but then significantly. In particular, the two resonances with n = 19 are strongly mixed with the 6p,1211p,f2 J = 1 resonance (labelled 11P in figure 2) and the identification given in C I for these three states seems to be questionable. The R-matrix treament confirms the identification proposed in GII: in order of increasing energy the 6p, /, 19p, , , , 6pIl, 19p, /, and 6p31211p,f2 resonances appear successively. Far from the perturbers, the 6~,~, n p , J = 1 series are suitably described i n a coupling, the dominant weight being larger than 95%.
The 6p,l,np,f, J = 2 series is almost unperturbed by the two series 6p,/,np J = 2; only the n = 20 resonance is strongly perturbed, the weight of admixture being equal to 25%.
3.2.
Influence of rhe 6pnf J = 1, 2 channels on the 6pl,,np J = 1, 2 channels
In the two-step excitation process described in G 11, the J = 1 even-parity states are excited from the 5d6p 'Po stable level. The recorded spectrum ( figure % a ) ) exhibits the narrow 6p,/,np J = 1 resonances superimposed on broad structures ascribed to the 6p,/,nf,/, J = 1 series. Some of the 6pl1,np J = 1 resonances show very asymmetrical profiles, especially in the lower energy range between 61 600 and 61 800 cm-', which indicates that the 6pnp and 6pn'f series are mutually perturbing. To estimate the importance of this mixing for the states with J = 1 or 2, larger Kerr matrices including the hpn'f channels have been built.
The J = 1 series are only perturbed by a single series 6p,12n'f5/2 converging toward the threshold 6p,,, . For J = 2, the 6pnf series consist of one series 6p,,,n"f5/, converging toward 6p,/, and two others converging toward the more excited threshold 6p3/,. The introduction of the 6pnf channels does not change significantly the eigenquantum defects calculated for the 6pnp channels. The energies of the lowest resonances 6p,/,np, with n = 10-15, are closer to the experimental values; the energies for the highest states are only weakly modified.
The energies of the 6p,l,n"f,12 resonances with n " 3 7 calculated from the K., matrix agree with the experimental measurements of Bente and Hogervorst (1990) within the experimental widths. ,nl resonances. Thus, the mutual admixtureof the two 6p,/,np, J = 1 states changes from purejj coupling for n ranging from 22 to 35, to a n equal admixture at 62 240 cm-' for n =50. Similarly, in the energy range 61 900cm-' to 62 170cm-' the 6~,~~n p , /~ and 6p,l,n"f,l, J -2 resonances correspond t o almost pure j j states ( n = 21 to 33 and n"=17 to 29); however, for higher energy, the 6p3/,8f, J = 2 resonances induce a n indirect mixing hetween these two series, which hecome ne& cqua!!y mixcd near 62 250 cm-', that is near the energy position of the 6p3/,8f doubly excited state measured by Bente and Hogervorst (1990) . Of course, such energy-dependent change in the coupling cannot be observed from the simplest approach discussed in section 3.1, which does not introduce the 6pnf channels explicitly. This confirms that simplified ~~~~m o d e l s , restricted to analysis of the energy positions, can give satisfactory results, but are unable to give a detailed insight into the wavefunctions (Aymar 1984) . In particular, the restricted empirical MQDT models of C I seem to be inadequate to discern between the j j and j k coupling, the better adapted coupling for describing the 6p,,,np resonances, because it completely disregards the energy-dependent coupling with the 6pnf series. Between the 6p,/, and 6p3/, fine-structure limits, the even-parity spectrum is still dominated by resonances of Rydberg series converging toward the same limit. N o isolated doubly-excited states are expected in this energy range, the 7s2 'So level being predicted to lie at approximately 65 000 cm-l, that is above the 6p,/, threshold (Aymar 1989) , hence all the structures are expected to be periodic in v~~, ,~.
The energies of the doubly-excited states 6p3,,np J = 1 or 2 are calculated from the real Kerf matrices built by regarding the 6p3/,nf channels as strongly closed. The deduced quantum defects for the 6p,/,np J = 0 and 1 resonances are reported in figure   4 . The quantum defects deduced from the profiles of the resonances calculated in the photoionization spectra from the 5d6p 'P, level are also reported. For the J = 0 spectrum, which exhibits very broad resonances with asymmetrical profiles, the quantum deiects corresponding either to the maxima or to the minima o i the cross section are located on both sides of the KCFr values.
As experimentally observed in C I, the quantum defect increases regularly along . . . , ., although the calculated variation of the quantum defect is a little bit smaller than the observed one. As quoted above (section 3.1.1), the energy dependence of the quantum defects for the 6p,/,np,/, J = 0 resonances arises from the rapid variation with energy of the K L s matrix for the 'S term. Indeed, between the Bat 6p,/, and 6p,/, thresholds, the variation in energy for the eigenquantum detects of ail K" matrices, except the 'S one, does not exceed 0.01. For the 'S matrix, the eigenquantum defect for the 6pnp channel is drawn in figure 4(a) . The eigenquantum defect associated with the 6sns channel varies a little bit more slowly, that is from 0.147 to 0.193 between the two thresholds, meanwhile the eigenquantum defect for the Sdnd channel remains unchanged. Simultaneously the mixing between the 6sns and 6pnp channels varies from nearly uncoupled channels, to equally mixed channels at approximately 65 000 cm-', that is at the energy position predicted for the 7s2 IS, level. The width of this level is unknown and how it could perturb the 6p,/,np,/, J = 0 Rydberg series remains an open question. Therefore it is desirable to extend the R-matrix calculation of the even-parity J = 0 spectrum up to the Bat 7s threshold. Along the series 6~, /~n p , /~ J = 1, the quantum defect remains approximately constant, as it is shown in figure 4(b) ; the theoretical values 3.86 and 3.75 agree with the experimental data 3.88 and 3.75 (C I). Similar results are obtained for the 6p,12np,~2 J = 2 series; the theoretical quantum defects 3.81 and 3.77 agree with the experimental results 3.84 and 3.77 respectively (C I). The calculated quantum defects do not change when the 6pn'f channels are introduced in the K,,( matrices for the J = 1 or 2 series.
The Ken. matrices provide information on the coupling of the channels J = 1 or 2 converging toward the threshold 6p,/,. From the calculated admixture coefficients of j j coupled collision channels into each level, it is possible to analyse what coupling scheme, either jj or jk, works better for each 6~, /~n p series. The 6p,/?np J = 1 resonances correspond to almost pure j k states, denoted as 6pli,np[K] J. For a given n value, the lowest resonance is assigned to the K = + state and the highest one to the K =; state, which confirms the identification of C 1. This identification remains valid when the interaction with the 6p,,,nf512 J = 1 channel is taken into account. The K = f series does not interact with the 6p,/,nf[K =;I J = 1 series and the admixture coefficients are less than 0.05%; the K =$ series is weakly coupled to the 6p,,,nf series, the admixture amounting to 1.5%. The quantum defect for the 6p312nf512 J = 1 series is about 0.16; it increases slowly from 0.14 for n = 9 to 0.18 for n = 30.
The 6~,~, n p J = 2 resonances are described by pure j k states, when the coupling with the 6p,,,nf channeis is disregarded. For a given n vaiue, the lowest state is identified with the K = ; j k state and the other one with the state K =$. However, the coupling between the 6p,,,nf J = 2 and the 6p,,,np J = 2 channels, though it does not exceed 2%, modifies significantly the admixture between the 6p,,,npj channels. In this latter calculation, the resonances 6~, /~n p J = 2 are better described by the j k coupling, the admixture coefficients being in the ratio 3: 1. The 6p,,,nf J = 2 channels are 6p,12nfs12 J = 2 and 6p)alznf,12 J = 2 states are respectively equal to 0.21 and 0.05 for n = 9 and they increase slowly with n, to reach the value 0.25 and 0.08 for n = 30.
The study ofthe wavefunctions presented in sections 3.2 and 3.3 demonstrates that some care is to be taken in the determination of the most suitable coupling scheme
for describing the resonances, because the wavefunction compositions strongly depend on the channels introduced'explicitly in the analysis.
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Photoionization cross sections
The 6pn! even-parity EtZtCS of barium Can h e excited in twn different ways dependins of the lower state of the transition, which is either a low-lying excited state with a comparable excitation of the two electrons or a Rydberg state lying below the Bat 6s,,, threshold. Excitation from the low-lying levels 5d6p and 6s6p 'Po,, is discussed in section 4.1. Section 4.2 is devoted to the analysis'of the photoionization spectra from the 6snp 'P, Rydberg levels using the ICE procedure.
4.1. Photoionization cross sections from the low-lying states Sd6p .'Po., or 6s6p "Po.,
Performing excitation from a low-lying state allows investigation of the energy dependence of the cross section over a wide energy range by tuning the wavelength of the laser, as has been done by de Graaff et a / (1990) .
The photoionization cross sections for excitation of even-parity final states with J=O, 1 and 2 have been calculated in the energy range 59750cm-' up to the Ba' 6p,/, threshold. In this calculation, the initial J = I states are supposed to correspond to pure 'P, states. are perturbed by their coupling with the more rapidly ionizing states 6p3,,n'p,/, J = 0, which induces an increase in the width, but for all the structures the width remains smaller than 3.5 cm-'.
The photoionization spectra corresponding to the excitations 5d6p 'Po-J = 1 and 5d6p 'P, + J = 2 have been calculated. Let us remark that the photoionization cross section associated with the excitation 5d6p 'P, + J = 1 is propotional to the cross section corresponding to the transition 5d6p 'Pa+ J = I , the lower level 'P, being supposed to be LS coupled. These spectra exhibit broad structures ascribed to the excitation of the 6pIl,n'f autoionizing resonances with n ' = 5,6, 7 and 8 (see figures 5 and 6). The series corresponding to the relatively narrow resonances 6p,/,np and 6p,/,n"f are superimposed on these broad structures. Coupling between these series and the underlying open channels results in strong interferences in the cross sections leading to complicated structures. This is illustrated in figure 5 which compares the calculated photoionization spectrum 5d6p 'Po+ J = 1 with the experimental one G 11. A good overall agreement between theory and experiment is observed for the energy positions, the widths and the profiles of the resonances. It is obvious that the positions of the maxima in the cross section cannot he related directly to the energies of the doubly-excited states. The photoionization cross section 5d6p 'PI + J = 2 is presented in figure 6 (a). The 6pt/2n"f,f, and 6p,/,11p,~~ resonances were also investigated by Bente and HogeNorst (1990) . In this latter experiment the autoionizing levels are excited through the 6snf IF,, 'F, Rydberg levels. Tbe experimental energy positions, indicated by vertical bars, can he ascriiiea to maxima in the caicuiated cross section. in the energy range 59 750 cm-' to 62 000 cm-', the 6p,/,nf resonances with n = 6 or 7 are strongly coupled to the 6p112np3/2 and 6p,/,nf5/, series so that very irregular structures appear. In the energy range 62 000 cm-' to 62 250 cm-', the coupling between the broad resonances 6p3f28f512.7/2 and the series 6p,,,np,f, and 6p,/,nf5/, is sufficiently diluted, so that these two latter series can easily he identified: the np series exhibits very narrow profiles wniie me n i series i s associaied wiih more iniense and broader peaks. levels toward the I = 1 and 2 upper states are completely different from those corresponding to the lower levels 5d6p 'Po,,, as it can be seen in figures 5 ( c ) and 6(b). Indeed, the excitation 6s6p*6pnf is not directly allowed; therefore the broad resonances d o not exist and the spectra are much simpler. For J = 1 ( figure 5(c) ), all the resonances are shaped according to Beutler-Fano profiles, and two series of resonances are recognizable: the narrower correspond to the series 6pIl2np,/, and the broader to 6p,,,np,/,. Between 61 800 cm-' and 61 900 cm-', the perturbation by the 6p3f211p1f2 and 6p3f211p,f2 doubly-excited states is observable; it induces an additional resonance and a very intense peak. For 6 ( b ) ) , the 6p,l,n'p,l, doubly-excited states with n ' = 9 , 10 and 11 correspond to the more intense resonances, but the corresponding doubly-excited states 6~, / , n ' p~/~ cannot be excited in an efficient way. The 6p,/,np3/, series exhibits relatively broad resonances. The comparison between the photoionization spectra from the Sd6p 'Po,, and 6s6p 'Po,, lowest states clearly demonstrates how the cross sections depend on the lower state, especially when some channels cannot be excited directly. In contrast with what is observed below the Bat 6pLi2 threshold, the spectrum for J = 0 (figure 7 ) exhibits broad, Fano-shaped structures resulting from the interference between the closed channel 6pzI2npi/: and the open one 6p,/,np,/,. In the spectrum corresponding to the lower level Sd6p P, (figure 7 ( a ) ) a constant background appears, which arises from the excitation of the Sd,/,nd and Sd,/2nd open channels. No background is observed in the excitation from the 6s6p3P, initial level ( figure 7 ( b ) ) because the 6s,/,ns ' S o and the Sd,nd channels cannot be excited directly.
I n the excitation spectrum of J = 1 states ( figure 8 ( b ) ) starting from the level 6s6p 'P,, two series of resonances with comparable widths occur. They correspond to the doubly-excited states labelled in j k coupling as 6p,/2np [K = i] and 6p3/,np [ K = 31
Autoiunizing levels 6pnp and 6pnf in barium 4337 (section 3.3). Starting from the intermediate level 5d6p 'P,, it is also possible to excite the broad resonances 6~,~, n f ,~, , which have Lorentzian profiles ( figure S ( o ) ) . The reduced widths T u 3 for the 6p,12np and 6p,,,nf resonances above the 6p,/, threshold can be deduced from the photoionization spectra. The results are reported in (1990) are in rather good agreement with the calculated ones, taking into account the uncertainty in the present values (10%-20%). For an excitation from a high-lying Rydberg level, the wavefunction 'PI of the initial state is not completely included in the reaction volume and only a MQDT description is available. For the Rydberg levels 6snp ' P , , the mixing between the 6snp 'P, and 6snp 'P, channels is deduced from the MQDT analysis of bound odd-parity J = I spectra (Armstrong el a/ 1979). Excitation from the Sdnp and Sdnf J = 1 channels is completely disregarded. The 6p,n"f channels cannot be excited directly starting from the Rydberg levels 6snp 'P,; consequently, the structures observed in the I C E spectra arise from the resonances in the 6p,/,np or 6p,/,np channels. Starting from the Rydberg level 6snp 'P, one generally populates only the 6p,/*np J (and respectively the 6p3/,np J ) doubly-excited states, when the wavelength of the second laser is tuned near the 6~, /~-6 p , / , (respectively 6~,/~-6p,,,) resonance line of the Bat core. The cross section exhibits nearly Lorentzian profiles associated with the energy dependence of the density of final states. Such an example is shown in figure  9 , which represents the I C E spectrum 6s28p 'P, + J = I ; in this figure, the two resonances correspond to the fine structure of the 6p,,,28p J = 1 doubly-excited state and they are both included within the central lobe of the overlap integral.
When the 6p,/,np J and 6pzIrnp J channels are mixed, additional structures appear in the cross section. For example the 6p,,,l Ip J = 2 resonance is mixed with the 6p,/,np J = 2 channel; therefore by excitation from the 6 s l l p ' P , Rydberg level with a wavelength close to that of the Bat 6~,~, -6 p ,~~ resonance line, one populates the doubly-excited states 6p,/,np J = 2 , with n varying from 20 to 23, besides the 6p,/,l 1p3/> J = 2 one (see figure 10 ). Furthermore the calculated profiles are not symmetrical, because on one side interferences occur between the excitation of the 6p,/,np J and 6p,/,np J channels and on the other side the amplitude of excitation of the 6p,/,np channel appears within the subsidiary lobes of the overlap integral corresponding to a rapid energy variation of this latter quantity. The calculated spectrum reproduces For some states, the reduced width differs strongly from the corresponding mean value. This departure arises from perturbation of the involved final state. For example, for the 6plj211plll J = O (respectively 22p,/,) state, the width is larger, which arises from a mixing with the state 6p3/,9p,,, J = 0 (respectively 10p,12), which is more rapidly ionizing. For the 6p,/,lOp J = 1 states, there is a perturbation from the 6~,/,5f,~, state; in spite of this perturbation, the ICE profiles remain symmetrical, which contrasts with . c~~~-.
-.c,-. , The present results confirm that the reduced widths for the 6~, ,~n p , /~ I = O and 6p,/,np,/, J = 1 channels are an order of magnitude smaller than the values for the 6p112np,12 J = 1 and h~, / , n p , ,~ J = 2 ones.
5.

Conclusion
The present paper demonstrates that a good theoretical description can be obtained for highly doubly-excited states 6pnp and 6pnf of barium (even parity and J = 0 , l or 2) using a combination of the eigenchannel R-matrix method and of the MQDT formalism. This study follows similar ones on Ca, Sr and Ba and completes the analysis of correlations in heavy alkaline-earth atoms.
For such a heavy atom the spin-orbit effects are satisfactorily described by a j j -LS frame transformation which accounts for this interaction in the asymptotic region, but disregards it completely within the reaction volume; the short-range contribution arising from the spin-orbit interaction is uniquely introduced through the use of the experimental positions of the thresholds in the MQDT treatment Contracted K '~ matrices restricted to the closed channels are useful to determine the energy positions of the resonances, even if broad autoionizing resonances are involved.
The calculated photoionization spectra from low-lying levels or from Rydberg levels reproduce satisfactorily recent experimental data. The energy dependence of the calculated photoionization cross section depends strongly on the lower state of the transition and a deeper comprehension of the energy structure of doubly-excited states is provided by recording various spectra corresponding to different excitation processes, allowing the direct excitation of various final channels.
Above the Bat 6p,/, limit, the investigation of the 6~~,~n p , /~ J = O resonances confirms the energy dependence of the quantum defects previously observed (CarrC era/ 1990) and ascribes it to correlation in the ' S states. Further clarification is desirable.
